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SUMMARY

Five nickel-base aircraft turbine disk superalloys representing various strengths and

processing histories were evaluated at 650°C to determine if recent strength advances in powder

metallurgy have resulted in corresponding increases in low-cycle fatigue (LCF) capability.

Controlled strain LCF tests and controlled load crack propagation tests were performed.

Results were used for direct material comparisons and in the analysis of an advanced aircraft

turbine disk having a fixed design and operating cycle.

Generally, crack initiation lives were found to increase with increasing tensile strength,

while resistance to fatigue crack propagation generally decreased with increasing tensile strength.



INTRODUCTION

Recent strength advances in wrought powder-metallurgy superalloys offer the potential for
increasing the performance and reducing the weight of gas turbine aircraft engines. Coupled with
lower cost processing methods, such as hot isostatic pressing (HIP), the net result could be

substantially reduced system life-cycle costs. After an alloy has been developed, critical
evaluations must be conducted to define its capability and to enable utilization of that capability
in the design, manufacture, and service of components. The cyclic behavior and capability of the
new powder-metallurgy alloys become extremely important when they are considered for turbine
disk applications. In many engine designs, these disks are often low cycle fatigue (LCF) limited.

Before these powder-metallurgy alloys can be incorporated into engine turbine disk designs

a comparison of their cyclic fatigue behavior must be made with reference to an alloy in current
use. Then an objective assessment of total-crack initiation plus crack propagation-fatigue life can
be made to determine if the strength advances in wrought powder-metallurgy superalloys have
resulted in corresponding increases in LCF capability, and if HIP processed alloys have cyclic
lives substantially the same as their wrought powder counterparts.

Fivenickel-basealloyswereevaluated,allintheformoffullyheat-treateddiskshapes.The
alloysare Waspaloy, Astroloy,NASA lIB-7,HIP-formed Astroloy,and GATORIZED • IN I00.

These alloysrepresenta currentand widely used turbinedisk alloyproduced from ingot

(Waspaloy),and fouradvanced alloysproduced from prealloyedpowder. The four powder°

metallurgyalloysexhibita range of tensilestrengths,increasingfrom HIP Astroloy,which is

approximatelyequivalenttoWaspaloy, towrought Astroloy,GATORIZED IN I00,and NASA
IIB-7.

The cyclicbehaviorofthealloyswas evaluatedfrom two aspects:crackinitiationand crack
propagation.The testvehiclesto establishthisbehaviorwere axially-loadedstrain-controlled

LCF testsforinitiationand load-controlledcycliccrackgrowth ratefracturemechanicstestsfor

propagation.To more realisticallysimulateengineturbinediskoperatingconditions,thesetests

were conductedunder both cyclicand cyclic/dwellconditions.

Upon completion of the materials tests, a total LCF life analysis was performed for an
advanced turbine disk design to provide a relative comparison of four of the alloys.



MATERIALS TESTING AND
DISK LIFE ANALYSIS

Material Procurement and Qualification

Five nickel-base superalloys for aircraft gas turbine engine diskswere evaluated for
resistance to cyclic crack initiation and propagation in tests which utilize long tensile hold times

to simulate disk operating conditions. The alloys were selected to allow comparisons of an alloy
currently used for turbine disks (alloy 1) with an advanced powder metallurgy alloy in both
wrought (alloy 2) and hot-isostatically pressed (HIP) (alloy 4) forms, an advanced isothermally
forged alloy (alloy 5), and a very advanced high strength wrought powder-metallurgy alloy (alloy
3). The five alloys selected for this program were:

Alloy 1 -- Wrought Waspaloy produced from ingot: This is a turbine disk alloy
with wide current usage in engines such as the JTSD, JTgD, TF30,
FT4, and GG4 engines. It is also used as a compressor disk material
in the JTll and F100 engines.

Alloy 2 -- Wrought Astroloy produced from prealloyed powder. This "next
generation" alloy is forged from a HIP consolidated powder billet. It
has been used as a turbine disk material in the TF30 engine.

Alloy 3- Wrought NASA IIB-7 produced from prealloyed powder. This is an
advanced high-strength experimental alloy developed by Cyclops
Corporation under NASA Contract. (Reference 1.)

Alloy 4 --Astroloy produced as a HIP form from prealloyed powder.

Alloy 5- GATORIZED IN I00 produced from prealloyedpowder.This isan
advanced high-strengthturbinediskalloycurrentlybeingUsed in

the F100 engine.

Nominal chemical composition and heat treatment of these alloys are listed in table I.

Alloy 1, Waspaloy, was procured in the form of a JTgD 3rd-stage turbine disk forging taken
from a production run of this part. This disk was produced by the Ladish Company and is
representative of the material in current usage. Representative microstructures of the disk are
shown in figure 1. Comparison to other disks of this configuration indicates this structure is
typical of wrought Waspaloy. The microstructure is relatively uniform within the flat portion of
the disk, with grain size predominantly ASTM 4-5. Within the integral arm section some
duplexing occurs, and for this reason, the LCF and crack propagation specimens were machined
from the fiat portion of the disk as shown in figure 2. This is the area of the disk that normally

encompasses the LCF critical areas. To avoid possible surface microstructural discontinuities, no
specimen surface was closer than 2 mm to the forging surface. At least this much surface is
removed in machining the forging to a final disk configuration.

Material for alloy 2, wrought Astroloy, was procured as a TF30 lst-stage turbine disk forged
by Ladish from a HIP processed powder billet. The powder which went into this disk came from

Special Metals Blend 75025; the preform was HIP'd at Kawecki-Berylco.

Materialforalloy3,NASA lIB-7,consistedofa HIP processedpowder billetwhich was cross

rolledtoa flatpancake configurationmeasuringapproximately35.5cm (14in.)indiameterand

4.5-cm(1.75-in.)thickby UniversalCyclopsCorporation.

3



Alloy 4,HIP Astroloy,was obtained inthe form ofa JT8D-17 Ist-stageturbine disk section.

The Astroloy powder was produced by Udimet Division,SpecialMetals Corporation and the disk

was HIP'd by KBI Industries,Inc. The HIP conditions were 3 hr at 1190°C (2175°F) and

103.4 MN/m 2 (15,000 psi)pressure.

Material for alloy 5, GATORIZED IN I00, was procured inthe form of a pancake forging

segment. The pancake was GATORIZED by the Pratt & Whitney AircraftGroup Government

Products Division (P&WA/Florida) using Homogenous Metals billetstock (heat H45).

Mechanical property qualification results and chemical compositions determined for the

forgings are presented in tables II through VI. Forging cut-up schematics showing test specimen

locations and orientations are presented in figures 2 through 5. The test specimens consisted

primarily of axial strain controlled LCF specimens and modified compact tension specimens for
crack growth rate as shown in figure6. The LCF specimens Were oriented tangentiallyin the

forgings;the modified compact tension specimens were oriented so that crack growth direction

would be approximately radialto the disk forgings.

In addition to the required qualificationtests,two elevated temperature tensiletestswere

performed on each alloyat650°C (1200°F).Resultsofthe tensiletestsare presented intable VII.

Optical and electronmicrographs representingthe microstructure foreach ofthe alloysare

shown in figures7 through 11.

IntroducUon

Experlmantal Program

Fully reversed (_=0) strain-controlledLCF testsand load-controlledcrack growth testswere

conducted to characterizethe cyclicbehavior ofallfivealloysunder both cyclicand cyclic-hold

conditions.All testswere performed under isothermal conditionsat 650°C (1200°F), a typical

operating temperature for the fracture criticalareas of an advanced engine turbine disk.The

cyclictestswere performed at a frequency of0.33 Hz (20 cpm). Hold time per cycleforthe cyclic-

dwell testswas 900-sec (15-rain)at maximum tensilestrainfor the LCF testsand at maximum

tensileload for the crack growth tests.In addition,crack growth rate tests were conducted at

other frequencies and hold times for several alloys.Frequency and hold time models were

developed for these alloysbased on the hyperbolic sine model.

The experimental resultswere then used to directlycompare the cyclicbehavior of the five

alloys.

Straln-Controllad LCF Tasting

Currently, there are no industry-wide accepted ASTM procedures forstrain-controlledor

otherLCF testingatelevated temperatures. The techniques fordata generationand analysisused

in thisprogram are discussed below.

Spaclmen

The specimen used in this program is shown in figure12 and conforms to FML 95716C

(figure13).Four basic requirements guided specimen design and development. These were that:

(1)straindistributionbe known over the gage section;(2)axialstrainbe accurately measurable;

(3) there be minimum strainConCentrations; and (4) failurelocation be in the gage section.



Additional requirements were that the specimen lend itself easily to installation and that

calculations necessary for establishing machine.operating parameters be simple.

The specimen configuration, which incorporates integral machined extensometer collars,

was determined experimentally using photoelastic and elastic-plastic strain analyses. A

calibration procedure was established to relate the maximum strain to collar deflection during

both the elastic and the plastic portions of the strain cycle. Subsequently, the specimen design

and calibration procedures were analytically verified using finite-element and mathematical

model analyses. (Reference 2.)

All test specimens were visually examined prior to testing in normal light and with
fluorescent penetrant to screen for machining anomalies or surface discontinuities. Additional

specimens were randomly selected for thorough dimensional inspection to ensure conformance to

print requirements.

Testing Procedures

All testing machines were controlled under a system of calibration and preventative
maintenance schedules. System accuracies are within 2%. Approved calibration procedures,

records, and National Bureau of Standards (NBS) traceability were retained for all test

equipment from which data were obtained.

Isothermal strain-controlled LCF characteristics were determined for this program using

servohydraulic, closed-loop-on-axial strain, LCF testing machines designed and built at

P&WA/Florida. A typical test machine with controls and readout instrumentation is shown in

figure 14.

Specimen axial strain was measured and controlled by means of a proximity probe

extensometer. Split extensometer heads were attached to the specimen by mating the grooves in

the heads with the integral collars on the specimen and bolting the assembly together. Collar

deflection is measured and controlled via proximity probes attached to the open ends of the

extensometer tubes (the extensometer rod ends move relative to the probes as the specimen

collars deflect, figures 15 and 16). Load measurement is obtained by a commerical tension-

compression load cell.

An x-y recorder was used for recording load vs strain plots at predetermined cyclic intervals

during testing. The recorder was calibrated with the extensometer so that the ratio of specimen

collar deflection to x-y recorder pen movement in the "x" direction was known. The "y" axis of

the x-y recorder was calibrated with the load cell so the ratio of specimen load to x-y recorder

"y" axis pen movement was known.

The strain-controlled LCF tests were conducted at constant total strain ranges to establish

cycles to failure in the 108 to 10_ cyclic life range.

The cyclic LCF tests were performed using a sawtooth strain vs time waveform at a

frequency of 0.33 Hz (20 cpm). The strain cycle was fully reversed (mean strain equal to zero,
R = minimum strain/maximum strain = -1.0). A typical cyclic LCF test waveform and

hysteresis loop are shown in figure 17.

The cyclic/dwell LCF tests were similar to the cyclic tests; however, the dwell tests

incorporate a 900-sec (15-min) hold time applied at the maximum tensile strain of the cycle. The

ramp rate for the remainder of the cycle corresponds to a 0.33 Hz (20 cpm) frequency. These tests

also have a completely reversed strain cycle (mean strain equal to zero). A typical cyclic/dwell

LCF test waveforrn and hysteresis loop are shown in figure 18.



All specimens were cycled to failure in the strain-controlled test mode with load-strain

hysteresis plots obtained at intervals throughout the life of the specimen.

The number of cycles to complete specimen separation (Nr), and the number of cycles to
produce a 5% drop in the cyclic load range (N,) were determined for each test. The change in
specimen compliance causing the drop in cyclic load range was used as an indicator for crack
initiation. The 5% load range drop corresponded to a crack size of 0.25 to 0.76 mm, or 0.010 to
0.030 in. which is detectable by current fluorescent penetrant inspection methods.

The total strain and the elastic, inelastic, and creep strain components were determined at
the specimen half:life (Nr/2) from the hysteresis plots taken during each test. The strain
components are described and presented in figures 17 and 18.

All tests were conducted in air at 650°C (1200°F). Temperature was controlled uniformly
over the specimen gage section using calibrated thermocouple and temperature readout and
control instrumentation.

Low Cycle Fatigue Test Results

A minimum of six cyclic tests and four cyclic/dwell tests were performed on each of five
turbine disk alloys. All of the strain control LCF test results are presented in tables VIII through
X]I.

Stress range vs cycles for each test were determined from hysteresis plots generated
periodically during the test. The data were analyzed by computer to estimate cycles to 5% stress
range drop (N, life) and the results plotted. Stress range vs cycle plots for both cyclic and
cyclic/dwell testing of each alloy are presented in figures 19 through 28. The 5% stress range drop
occurred approximately within the last 15% of the total cyclic life for the majority of the tests.

Typical stress-strain hysteresis loops at the specimen half-life (Nf/_) for all tests are
presented in figures 29 through 38.

Mean stress information, as presented in the tables and shown in the hysteresis loops,
indicates that nearly every test exhibited a slightly negative mean stress (engineering), and the
deviation from zero stress was generally less than 2% of the total stress range.

Total strainrange vs cyclesto 5% stressrange drop (N, life)and cyclesto complete

separation(N,)foreach alloyarepresentedinfigures39through48.Includedineach figureisa
strainrangevs mean liferegressioncurve.

The regressionmodel usedforthe cyclic(0.33Hz, 20 cpm) testsisa compositeexponential

functionoftheform Y = AN B + CN D + E, which relatestotalstrainrange(Y)tocycliclife(N).

The inelasticstraincomponent inthismodel istheAN B term,and the elasticstraincomponent

iscomprisedofthe CN s -{-E terms.The inelasticstrainwas statisticallyregressedasa log-linear

(straightlineon log.logpaper)function(Yz= ANS). The elasticstrainbad thebeststatistically

regressedcurvefitasa nonlinearlog(curvedlineon log-logpaper)function(Yz = CN v + E).The
totalstrainmean lifeequationsforthe cyclictestsaregivenintableXIII.

The regressionmodel used for the dwell (900-sechold at max tensilestrain)testsisa

compositeexponentia_mnction ofthe form Y = AN s + CN D, which relatestotalstrain(Y) to

cycliclife(N).The inelasticstraincomponent inthismodel isthe AB N term, and the elastic

straincomponent isthe CN D term.The inelasticstrainwas statisticallyregressedasa log-linear

function(Yz= ABS). The elasticstrainwas alsostatisticallyregressedasa log-linearfunction(Y_
= CN v)due tothe limitedquantityofdwellLCF testdata.

The totalstrain.meanlifeequationsforthe dwellLCF testsaregivenintableXIV.



Inelasticstrain rangedata for allalloyshas been adjustedto conform to the following

reportingsystem:

IL measured A_I was:

A_I < 0.00005
0.00005 _< A_I _<0.00008
0.00008 < _, <0.00015

Then reported AeIwas:

<0.0001

_<0.0001

0.0001

This system was required due to the relative inaccuracy of the inelastic strain data on this
order of magnitude and due to the significant effect that these data could exhibit on the linear
regressions of inelastic strain. Inelastic strain range data less than 0.0001 (<0.0001) as reported,
were not used for regression analyses.

The methodology of summing independent log-linear (or nonlinear) regressions of the elastic
and inelastic strain components (Y = Yx + Yz where Y = total strain, Y_ = inelastic strain, and
Ye = elastic strain) has been used with excellent agreement with the actual total strain data
generated in this program. Figure 49 illustrates this method of component strain summation.

The coefficients and exponents of this model can be rearranged into a more general form
(Reference 3):

-_--= _ (2Nf)_ + (2N,)b

where:

A_ = total strain range
Nr = cycles to failure
_i = fatigue ductility coefficient

_ = fatigue strength coefficient
c = fatigue ductility exponent
b = fatigue strength exponent
E = elastic modulus

The basic composite exponential function model may be expanded and modified to account
for the effects of varying dwell time, mean strain (or mean stress) effects, and dwell mode {strain-
hold or stress-hold}.

Composite regression curves for a|l alloys tested at 0.33 Hz (20 cpm) are compared in
figures 50 and 51. Similar comparison plots for all 900-sec (15-min) dwell testing are shown in
figures 52 and 53.

Cyclic stress-strain curves, reconstructed from the strain control tests, are presented in
figure 54. The stress-strain curves were obtained by plotting half the total stress range vs half the
total strain range as measured at specimen half-life, N_/2 (Reference 4). Mean stress was nearly
zero for all of the tests.

It can be observed from figures 50 through 53 that, for lower strain ranges, the alloys
generally exhibit increasing fatigue crack initiation life with increasing alloy tensile (yield)
strength for both cyclic and cyclic/hold conditions. The rank order of the alloys changed
substantially at higher strain ranges (above approximately 1.5%), approaching the rank order
expected from tensile ductilities (higher ductility corresponding to higher life).



The general rank order from best to worst of the alloys under both cyclic and cyclic/dwell
test conditions is the same at low strain ranges (strain ranges which yield approximately 100,000
cycles life for cyclic tests, or 10,000 cycles life for dwell tests). This rank order is as follows:

NASA IIB-7

IN 100

Wrought Astroloy

HIP Astroloy

Waspaloy

The effect of the 900.sec hold time on the fatigue life varied from alloy to alloy. A
comparison of N_ lives obtained at a total strain range of 1.0% is:

Ns Life N5 Life Percent

Alloy (0.33 Hz} (900-sec dwell) Reduction in Life

Waspaloy 2,587 1,517 41
Wrought Astroloy 1,986 1,718 13
NASA IXB-7 13,030 4,838 63
HIP Astroloy 2,527 1,338 47
IN 100 9,999 1,492 85

The wrought Astroloy exhibited the smallest reduction over cyclic, nondwell life at 13%;
Waspaloy and HIP-Astroloy exhibited very similar reductions of 41 to 47%, followed by NASA
IIB-7 with a reduction of 63%. The IN 100 appeared most affected by the cyclic hold time with
a life reduction of 85% over the 0.33 Hz conditions.

The effectofthe 900-secholdtime on fatiguelifeata totalstrainrangeof0.8% is:

Ns Life N5 Life Percent

Alloy (0.33 Hz) (900-sec dwell) Reduction in Life

Waspaloy 10,557 5,613 47
Wrought Astroloy 20,857 10,368 50

NASA I_-7 834,400 108,750 87
HIP Astroloy 10,947 6,266 43
IN 100 308,000 18,240 94

At the lower strain range (0.8%) level in the table above, which corresponds more closely to
engine operating conditions, all alloys experienced significant reductions in life due to the 900-sec
dwell time. The HIP-Astroloy exhibited the smallest reduction in life over the cyclic (nondwell)
life at 43%; following closely behind HIP-Astroloy are Waspaloy and wrought Astroloy with

percent reductions of 47% and 50%, respectively. Again, the high-strength alloys show the most
severe degradation in fatigue life due to dwell, with NASA IIB-7 having a reduction of 87%, and
IN 100 having a reduction of 94%.

It shouldbe emphasized that thefatiguelifedetermined atthe lowerstrainranges(i.e.,
Art = 0.80% asintheabove table)from thestrainvslifemean regressioncurvesisverydependent

upon curveslope.Note the fiat,nearlyhorizontalslopesofthe curvesinfigures50 through53.

Changes inthe mean regressionequationsoftheelasticand inelasticstraincomponents,aswould

be expectedwithadditionaltesting,couldalterthefatiguelifevaluesgiven.above,and hence,the

percentreductionfiguresdue tothe 900-secholdtime.
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Crack Growth Tasting

Test Specimen end Procedures

The modified compact tension (MCT) specimen shown in figures 55 and 56 was used to
obtain crack propagation data on the alloys. Testing was conducted on servohydraulic, closed-
loop, load-controlled testing machines. Specimens were precracked using procedures outlined in
ASTM E-399. Crack lengths were measured directly with a Gaertner traveling microscope after
cooling the specimen. The intervals between crack growth measurements were selected to obtain
crack growth increments of approximately 0.5 mm (0.02 in.), which normally results in an average
of 40 to 50 readings per specimen. The crack propagation tests were conducted with a triangular
loading wave form or a triangle wave with a hold time at the tensile peak with all portions of the
cycle under tensile load-controlled conditions. All tests were conducted at 650°C (1200°F} with a
stress ratio (minimum stress/maximum stress} of 0.05. Table XV lists all crack propagation tests.

Data Analysis Procedures

The direct secant method was used to evaluate crack length (a} vs cycles (N). Discrete
values of Aa and AN were computed from raw laboratory data. Other approaches to da/dN
analysis attempt to fit a vs N with some differentiable equations; da/dN then being obtained as
its first derivative. By not smoothing (regressing) the a, N data, the actual local Aa/AN
perturbations are observable in the final da/dN vs AK curve.

Crack propagation under constant amplitude loading conditions is a function of the applied
stress intensity range (within the limits of applicability of linear elastic fracture mechanics). The
applied stress intensity, AK, is the driving force for crack propagation. Many relationships have
been developed to correlate observed crack growth rate and stress intensity• Paris and Erdogan
presented the simple relationship:

da/dn = C (AK)" (l)

where C and n are material constants. At elevated temperatures, however, the crack growtb
process is a complicated function of stress ratio, temperature, load history, and environment.
These dependencies make the general use of equations, such as equation (1), more difficult. A
new model, developed at P&WA/Florida (Reference 5), was used to describe the effects of cyclic
frequency on the crack growth rates of Waspaioy and HIP-Astroloy. The model is based on the
hyperbolic sine equation:

log(da/dn)= C_ sinh (C,(log(AK) + C,)) + C,, (2)

where the coefficients have been shown to be functions of test frequency, stress ratio, and
temperature:

C1 = material constant
C, = f,(R,.,T)

Cs = f, (C,, v,R)

C, = f.(_,R, T).

The hyperbolicsineequationwas selectedas the model forthe followingreasons:

•e It exhibits the overall shape of typical da/dN vs AK plots obtained over
several decades of crack growth rates.



All or part of the equation may be used to fit data since the hyperbolic sine
has both a concave and a convex half and a nearly linear portion near
inflection. Also, the slope at inflection can vary with the fitting constants. (By
comparison, the slope of an x' model is always zero at inflection.)

The sinh is not periodic (e.g., trigonometric tangent) nor asymptotic (e.g.,
tangent, or inverse hyperbolic tangent); therefore, when extrapolation
becomes necessary, the sinh behaves well at distances removed from the data,
quite unlike most polynominals, periodic, or asymptotic functions.

This model requires no information other than a, N data. By comparison,
some other models in current use require both Kth and K_c, in addition to a,
N data, to model crack growth behavior. Both Kth and Km are difficult to

obtain experimentally; Kth because of the extremely small crack growth
measurements necessary, and K[c because of gross plasticity at the crack tip
encountered in fracture-toughness testing at elevated temperatures.

The hyperbolic sine is defined as

e I _ e-!

y = sinhx-- 2 (3)

and when presentedon Cartesiancoordinates,itappears as shown in figure57.The
functioniszeroat x = 0 and has itsinflectionthere.

The introductionofthefourregressioncoefficientsC, throughC,,permitsrelocationofthe

pointofinflectionand scalingofbothaxes.In the equation,

(y -- C,) = sinh (x + Ca), (4)

Ca establishesthe horizontallocationof the hyperbolicsinepointofinflectionand C_
locatesitsverticalposition.

To scalethe axes,Cj and Cs areintroduced

(y - C,)

Cl
= sinh(C2(x + C,)) (5)

which can be rewritten as

y = C, sinh(C2(x + CaD + C, (6)

of which equation (2) is a special case where y = log (da/dN) and x = log (AK). Note that Ca has
units of log (AK) and C, has units of log (da/dN); C_ and C_ are dimensionless and can be
conceptualized as stretching the curve vertically and horizontally, respectively. Experience
indicates that, for a given material, C1 can be fixed without adversely affecting model flexibility
(Reference 6).

The hyperbolicsinemodel iseasilyadapted todescribethefundamentalparametriceffects

of stressratio,frequency,and temperatureon crackgrowth rate.Only frequencyeffectswere
characterizedforthiscontract.

Experiencewithturbinediskalloysindicatesthatchanging testfrequency,whileholding

stressratioand temperatureconstant,producescrackgrowth curvessimilarinshape but shifted

along a nearlyverticallinepassingthrough the pointsof inflection.The locationof these
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inflection points is related to test frequency. Figure 58 schematically depicts the qualitative

effects of frequency on crack propagation rates.

The fundamental strength of the hyperbolic sine model is its interpolative capacity. The
four sinh model coefficients can be determined as follows:

! _--"

C2 =

Cs =

C_ --

material constant (0.5 for these materials)

m2 log (_) + bs

ma C, + b8

m, log (v) + b4:

Computation of a crack growth rate equation for any given frequency (with stress ratio and

temperature held constant) is a straightforward calculation once the above linear relationships
have been established.

Test Program

Figures 59 through 63 show the 0.33 Hz crack growth curves with data for each individual

alloy. A minimum of two specimens were run at these conditions for each alloy. Figure 64 is a

composite of the 0.33 Hz crack growth curves of all five alloys. The curves tend to converge at low

AK. As AK increases, the curves diverge, and the differences in crack growth rates become more

pronounced. Waspaloy {alloy 1) has the slowest crack growth rate and HIP-Astroloy (alloy 4), the

second slowest. The crack growth rate for Wrought-Astroloy {alloy 2} is consistently 1.5 times as

fast as the growth rate for HIP-Astroloy above a AK of 20 MPa x/re. IN 100 (alloy 5) and

NASA IIB-7 (alloy 3) have nearly the same crack growth rates for AK less than 30 MPa x/-m,

but the NASA IIB-7 propagation rate increases more rapidly above this AK. From the crack

propagation data it appears that the alloys may have very similar threshold applied stress

intensities (AK,h) but vastly different fracture toughness (Kin). Waspaloy would be expected to

have the highest fracture toughness and NASA IIB-7 the lowest.

Figures 65 through 69 show the 900-sec (15-rain) dwell crack propagation curves with data
for each individual alloy. A composite of these curves is illustrated in figure 70. Again, Waspaloy

and HIP-Astroloy have the best crack growth rates followed by Wrought-Astroloy, IN 100, and
NASA IIB-7. This is the same order as the crack growth rates at 0.33 Hz, but much larger

differences exist between the alloys at the 900-sec (15-min) dwell test condition. IN 100 is

approximately an order of magnitude faster than Waspaloy or HIP.Astroloy, and NASA IIB-7 has

a crack growth rate more than two orders of magnitude faster than Waspaloy and HIP-Astroloy.

The attempt to sustain low crack propagation rates in 900-sec tensile dwell tests with

_K < 20 MPa _ was met with considerable difficulty. Under these conditions crack tip

blunting was frequently observed and often resulted in crack arrest. Such interruptions in crack

propagation under low levels of applied AK have been attributed to crack tip inelasticity and
oxide formation at the crack tip during extended hold times at elevated temperatures. In cases in

which crack tip blunting does not result in arrest, multiple secondary cracking can contribute to

discontinuous crack propagation, and large scatter in data is frequently observed. These

problems are eliminated as the applied stress intensity range increases such that the stress

intensity, during the dwell, exceeds the threshold for crack growth under sustained load.

Comparisons of 900-sec (15-rain) dwell and 0.33 Hz crack propagation rates for each of the

five alloys are presented in figures 71 through 75. The effect of the dwell loading is observed to be
most severe for NASA I1B-7.
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The HIP-Astroloy crack growth rates for cyclic frequencies of 0.0083 and 20 Hz are shown
individually in figures 76 and 77, respectively. The comparison of these crack growth rates with

the 0.33 Hz curve isshown in figure 78. The basis for development of the interpolative frequency
model was the crack growth equation,

log (da/dN) = Ct sinh (C_ (log (AK) + Cs)) + C,,

described in the Data Analysis Procedures section. Figure 79 illustrates the relationships between
C_, C,, and frequency. Knowing these relationships, the hyperbolic sine crack growth curve can
be calculated for any frequency between 0.0083 and 20 Hz (holding stress ratio and temperature
constant).

The individual data sets (0.0083, 0.33, and 20 Hz) used in the IN 100 frequency model are
shown in figures 80, 63, and 81. The comparison of these crack growth rates is shown in figure 82.
The sinh crack growth rate curve can be calculated for any frequency between 0.0083 and 20 Hz
by using the relationships between C_, C,, and frequency given in figure 83.

Figures 84 and 85 present the crack propagation data for Waspaloy under 120- and 300-sec
(2- and 5-rain) dwell loading, respectively. A composite of these curves and the 900-sec (15-min)
dwell Waspaloy data of figure 65 is shown in figure 86. Figure 87 completes the dwell model with
the C_, C,, and frequency relationships.

Crack propagationdataforHIP-Astroloyunder 120-and 300-secdwellloadingarepresented
infigures88 and 89.A compositeplotofHIP-Astroloyin120-,300-,and 900-secdwellconditions

isgiven in figure90.The dwell model iscompleted with the presentationof the C2, C,, and
frequencyrelationshipsinfigure91.

The effect of frequency on the crack growth rates of Waspaioy and Wrought-Astroloy are
shown in figures 92 and 93. There were not enough data obtained on these alloys to construct a
frequency model.

The coefficients for the hyperbolic sine crack growth curves are listed in table XVI for every
condition tested.

Disk Life Analysis

Introduction

The disk life analysis was performed to provide a comparison of the fatigue life capability
of four alloys under simulated turbine disk operating conditions. Fatigue life predictions were
based on a direct material property substitution for each alloy into a disk having a fixed design
and operating cycle. The four alloys selected for the disk life analysis were alloys 1, 2, 3, and 5
(Waspaloy, Wrought Astroloy, NASA IIB-7, and IN 100).

Alloy 4, HIP-Astroloy, was not directly analyzed. However, it is very similar to alloy l,
Waspaloy, in material properties, low cycle fatigue (LCF) capability, and crack growth rate under
the conditions evaluated. Consequently, it is assumed that life predictions for HIP Astroloy
would be similar to those determined for Waspaloy.

The 2nd-stage high-pressure turbine disk for the F100 engine was selected as the vehicle for
the disk life analysis. The Pratt and Whitney Aircraft (P&WA) F100 engine is an advanced, high-
performance afterburning turbofan engine which utilizes powder metallurgy GATORIZED®
IN I00 turbine disks. The fracture critical location for the disk is the tie-bolthole located in the
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websectionof the disk. Frontal and side view photographs of the disk are shown in figures 94 and
95. A cross section of the high-pressure turbine showing the bolthole location in the 2nd-stage disk
is presented in figure 96.

The flight point selected for the analysis was Mach 2.5 at 15,240 meters (50,000 ft) altitude.

Metal temperature at the bolthole location for this condition is approximately 650°C (1200°F).
This flight point was chosen because of its expected severity in terms of mechanically induced
strain range at the bolthole location and the stress field around the bolthole.

The MARC nonlinear finite element program was used to carry out the plane-stress elastic-
plastic disk analyses. The nonlinear problem is essentially solved by MARC as a series of
piecewise linear problems.

Because of symmetry, only 1/40 of the disk was idealized with the two-dimensional (2-D)
finite element meshes as shown in figure 97 (20 boltholes are contained in the disk). This 2-D disk
model with stepwise thickness variation was aimed at obtaining quasi 3-D results at reasonable
cost without sacrificing accuracy in conducting the costly elastic-plastic disk analyses. High order
isoparametric elements of linear strain were used in the disk model which has 887-degrees of
freedom. The inner radius of the 2-D disk model was chosen to coincide with the inner radius of

the designed disk. However, the outer radius of the 2-D model is smaller than the actual outer
radius of the disk. The outer radius location of the finite element model was selected to satisfy the

St. Venant principle that the elastic stress state at this outer radius boundary should not be
affected by the local yielding near the bolthole location. The radial elastic stress on the outer
radius of the 2.D disk model shown in figure 97 was obtained from a disk analysis using ring
elements. Physically, this radial stress loading at the outer radius of the model stems from the
centrifugal body forces due to the blade pull and the disk material situated between the outer
boundary of the finite element model and the outer radius of the actual disk. In addition to the
tractions on the outer radius of the model, the centrifugal body forces at the selected flight point
were included so that the actual disk loading conditions were represented.

In addition to the effects off the various tensile properties, the coefficients of thermal
expansion and material density variations from alloy to alloy were accounted for in the analysis.
Differences in the linear coefficient of expansion from room temperature to 650°C were relatively
small, ranging from 13.7 to 14.6 pm/m/°C (7.6 to 8.1 ,in./in./°F from room temperature to
1200°F) and were assumed to have no significant impact on the analysis. Densities, however,
varied significantly. Densities used in the analysis for Waspaloy, wrought Astroloy, NASA IIB-7,
HIP Astmloy, and IN 100 were 8.25, 7.94, 9.02, 7.80, and 7.86 gm/cm s (0.298, 0.287, 0.326, 0.289,
and 0.284 rb/in? respectively.) The higher density for the NASA IIB-7 alloy resulted in
significantly increased loads due to the increased body forces.

Disk Crack Initiation Life

The Ist-cyclestress-strainresponseforeachofthefouralloyswas determinedby theelastic-

plasticanalysis.Each alloywas subjectedtoa singlecyclefrom zeroloadand room temperature

to maximum loadat approximately217 revolutionsofthe diskper second (13,000rpm) and a
temperatureof650°C (1200°F).For the boltholelocationofthe disk,the finiteelementresults
showed thattheelastictangentialstressatlocation"A" islargerthan themaximum radialstress
at location "B" (figure 97).

The localstress-strainresponseatthisfracturecriticallocationisschematicallyillustrated

infigure98.The firstquartercycle(ormaximum) strainoccursatthe flightpointofMach 2.5,

15,240meters altitude(50,000ft)and 650°C (1200°F).This correspondsto the diskrotational
speed ofapproximately217 Hz (13,000rpm). Minimum strainoccurswhen the diskrotational
velocityreturnstozero.
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Maximum strain, inelastic offset, minimum tangential strain, and the resulting total strain

range encountered during the first complete loading cycle were determined for each alloy. These

strains are presented in table XVII. Strain ranges were relatively low (less than 0.8%) and were
all positive (tensile).

As expected, peak or maximum strain generally decreased as alloy tensile strength

increased. The exception was that the NASA IIB-7 exhibited slightly higher peak strain than the

IN 100, probably due to the higher material density of the NASA IIB-7 alloy.

The extent of yielding around the bolthole varied considerably from alloy to alloy and was

indicative of relative strengths of the alloys. Boundaries of the yield zone are shown for each alloy
in figure 99.

Differences in strain range from alloy to alloy were relatively small, ranging from 0.722%

range for IN 100 to 0.777% for NASA IIB-7. As with peak strain, strain range generally decreased

with increasing alloy strength, except in the case of the NASA IIB.7, which exhibited the highest
total strain range.

None of the alloys exhibited yielding in compression during the unloading cycle. An
isotropic hardening model was assumed for the unloading cycle, which does not account for the

Bauschinger effect of a reduced compressive yield strength following tensile yielding. This model
was selected based on the stress-strain behavior of the alloys observed in the strain control LCF
tests.

Since the strain ranges were low and all of the alloys are cyclically stable at low strain ranges

and 650°C (1200°F), the first cycle strain ranges were assumed to be representative of the stable

cyclic strain ranges.

Analytical determination of the local cyclic creep strains or creep stress relaxation resulting

from sustained loading of the disk at elevated temperature was beyond the scope of this
investigation. The analytically determined strain range was used to estimate both cyclic and

cyclic/dwell lives for each alloy using the appropriate strain range vs life curves for crack

initiation (N,) life (figures 50 and 52). Calculated disk lives to crack initiation for the cyclic and
cyclic/dwell conditions are presented in table XVIII.

Both cyclic and cyclic/dwell crack initiation lives predicted for this single cycle generally

increased with increasing alloy strength. The only exception is the relationship between NASA
IIB-7 and IN 100 for cyclic (0.33 Hz) conditions. Here, the IN 100 exhibits higher predicted life

than the NASA IIB-7. The IN 100 experienced a lower strain range than the NASA IIB-7 which
resulted in higher life. The more severe effect of the hold time on IN 100 caused a reversal in the

relative lives of the two alloys for 900-sec (15-min) dwell. The NASA IIB-7 exhibited the highest
predicted life under the cyclic/dwell conditions.

The predicted cyclic and cyclic/dwell lives are shown in figure 100 for comparison. The life

{cycles) axis is logarithmic for convenience; however, differences in component life-cycle costs

due to the different fatigue lives predicted for the alloys would be better represented on a
Cartesian scale. The differences in estimated fatigue life would then appear far more significant.

The disk life analysis showed that each material experienced an all-tensile strain cycle at

the fracture critical location. Corresponding mean stresses for the alloys were significant and

positive (tensile). The strain range-life relationships, however, were established using fully
reversed strain cycles (mean strain equals zero) which also resulted in zero or near-zero mean

stress. Consequently, the effects of mean stress or strain on fatigue life were .not accounted for in
the life predictions.
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Crack Growth Life Analysis Results

The crackpropagationlifeanalysiswas performedfrominitialflawsizes(totalsurfacecrack

length)of0.25and 0.51mm (0.010and 0.020in.).Lifewas calculatedatrepresentativeturbine

diskoperatingconditionsusingtheComponent LifeAnalysiscomputer program developedatthe

P&WA/Commercial ProductsDivision(P&WA/CPD). This program calculatesthe number of

cyclesfora crackin a boltholeto grow largeenough forthe stressintensity(K) to surpassthe

criticalstressintensity(K_c).Inputsintothe program are the hyperbolicsinecrack growth

equationcoefficients,initialcrack length,K,c,and the uncrackedstressfieldsurroundingthe

bolthoie.The elasticstressdistributionsforthefouralloysareshown infigures101through104.

A surfacecrack geometry was selectedfor the alloycomparison,and the resultsare

presentedin tableXIX. A Klc of 110 MPa _ (100ksi x/'in.)was used forallalloysexcept

NASA lIB-7.The crackgrowthratesexhibitedby NASA lIB-7tend toapproach infinitybelow

a stressintensityof 77 MPa x/m; therefore,a criticalstressintensityof77 MPa _ (70 ksi

x/-in.)was used forthe NASA lIB-7material.

At 0.33 Hz the alloysshowed increasingcrack propagationlifewith decreasingtensile

strength.The only exceptionto thistrend was for the wrought-Astroloyand IN 100 life

calculationsfrom a 0.25mm flaw.The IN 100 lifeislongerthan the Wrought-Astroloylifefrom

a 0.25mm crackbut shorterfrom a0.51mm crackdue tocrossingofthecrackgrowthratecurves
at low AK. This trend at low AK indicatesthatIN 100 has a higherAKth (thresholdapplied

stressintensity)than Wrought-Astroloy,whileWrought-Astroloyhas more resistanceto crack

growthat higherAK's. Figure105 compares the resultsofthe lifeanalysisfor0.33Hz.

The crackgrowth ratecurveforthe Waspaloy 900-secdwelltestsintersectedthe 0.33Hz

curve at a AK = 22 MPa x/_ (20 ksix/Tfi.).No 900-secdwelldata were obtainedbelow this

intersectiondue tocracktipbluntingcausingcrackarrestormultiplecracktips.Sincethesetests

were performedwith longcracksand low stresses,itispossiblethatforshortcracksand high

stresses(disk application),crack growth may be possiblein thisregion.With dwell data
unavailable(butcrack growth possible)below AK=22 MPax/m, the Waspaloy 900 sec dwell

lifeanalysiswas made usingthe0.33Hz crackpropagationcurvefrom theinitialflawsizeuntil

AK=22 MP, x/-m(20 ksix/_n).The 900-secdwellcurve was thenused forthe remainderofthe

analysisand the two resultsadded together.

The 900-secdwellresultsareillustratedinfigure106.Noticethattheorderisthe same as

the 0.33Hz results,and the detrimentaleffectof the 900-secdwell was severeforallalloys.

However,the NASA lIB-7disklost99% Ofthe0.33Hz cycliclifedue tothedwell.For a0.51mm
flaw the amount of reductionin propagationlifeforthe otheralloysisas follows:Wrought-

Astroloy-- 85%, Waspaloy -- 89%, and IN 100 -- 95%.

The effectofthe 900-secdwellon the Astroloy,IN I00,and NASA lIB-7crackpropagation

lifeisthe same whether the lifeiscalculatedfrom a 0.25-or0.51-mm (0.010-or0.020-in.)flaw.

For Waspaloy, thereisa significantdifferencewhen crackpropagationlifeiscalculatedfrom a
0.25-mm flaw.The Waspaloy disklosesonly80% ofthe propagationlifedue tothe dwelleffect.

This isprobablydue to the factthatat low stressintensities(atleastforlongcracksand low

stresses),cracksinWaspaloy tendtobluntwhen subjectedtolongholdtimesresultinginslower

than normallyexpectedcrackgrowthrates.

DRIGINAI_ PAGE 1_
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Dlek Total Life

The elevated temperature fatigue or rupture process can be conceptualized as occurring in
three stages (Reference 7): (1) nucleation and linkup of surface and subsurface microcracks, (2)
subcritical crack propagation through local plasticity due to yielding at a notch, and (3) crack
propagation through basically elastic material. The ideal for total fatigue life prediction might be
a unification of lives predicted for each stage of the fracture process. It is, however, difficult to

experimentally separate and quantify the initiation phase and continuum crack propagation in
high-strength materials. For a comparison of total disk life for each alloy in this program, a simple
addition of mean cycles to crack initiation and mean cycles of crack propagation was performed.
Crack initiation life was approximated using the mean strain control curve relating total strain
range and cycles to 5% stress range drop (N, life). The crack propagation life was determined

using the hyperbolic sine relationship of stress intensity factor range (AK) and crack growth rate.
Crack propagation life was calculated, assuming starting crack lengths of 0.25 and 0.51 mm (0.010
and 0.020 in.). Lives were determined for both 0.33 Hz (20 cpm) and 900-sec (15-rain) hold time
conditions.

The resulting estimated total fatigue lives are presented in table XX and are shown

schematically for comparison of the alloys in figures 107 and 108. Total propagation life from a
0.51-ram starting crack (0.020-in.) is distinguished from the mean crack initiation life (N6) by
shading in the figures. _

Figure ,107 shows schematically the relative magnitudes of crack initiation and crack

propagation lives for the alloys under cyclic (0.33 Hz) conditions. Nearly all of the total fatigue
life for the alloys was in crack initiation, with IN 100 exhibiting somewhat longer life than NASA
IIB-7.

Figure 108 shows schematically the relative magnitudes of crack initiation and crack

propagation lives for the the alloys under cyclic/dwell (900-sec hold) conditions. As for the cyclic
(0.33 Hz) condition, the Wrought Astroloy appeared slightly superior to Waspaloy in total fatigue
life, but both alloys had somewhat lower total lives than NASA IIB-7 and IN 100. Again, nearly
all of the predicted life for the alloys was due to fatigue crack initiation. In a reversal from the
cyclic condition, however, cyclic/dwell life for NASA IIB-7 was superior to that predicted for IN
100.

The disk life analysis was intended to provide a comparison of the alloys under simulated

turbine disk operating conditions. Several factors normally considered in the design and
evaluation of a disk were eliminated from this analysis in the interest of simplicity and due to
limitations in program cost and scope. Some of these simplifications could affect the relative lives
(rank order) of the alloys, particularly the calculated total disk lives.

In general, higher alloy yield strength correlated with better fatigue crack initiation

resistance, but, reduced resistance to fatigue crack propagation. Consequently, any sim-
plifications or changes to the disk life analysis which affect the relative magnitudes of crack
initiation lives or crack propagation lives could also affect the rank order of total lives calculated

for the alloys. Some examples of these changes are: changes in disk design, change in fracture
critical location (geometry), statistical consideration such as predicting minimum rather than
mean life, effects of steady or mean stress, and changes in operating cycles.

16



CONCLUSION8 AND SUMMARY OF RESULTS

Five turbine disk alloys representing varying tensile strengths and processing histories were
evaluated for resistance to fatigue crack initiation and propagation under both cyclic and

cyclic/dwell conditions at 650°C (1200°F). Results were used to perform a direct material

comparison of the five alloys.

For realistic comparison under simulated operating conditions, an advanced turbine disk
having a fixed design and operating cycle was analyzed. Predicted lives to crack initiation and to
complete failure of the disk were determined based on a direct material property substitution for
four of the alloys.

, At totalstrainrangesof interestforturbinedisk applicationsthe alloys

exhibitedgenerallyincreasinginitiationlifewith increasingtensileyield

strengthforboth cyclic(0.33Hz) and cyclic/dwell(900-secholdper cycle)

conditions.The rank orderfrom highestlifetolowestlifeforstrainranges

below approximately1.0% was as follows:

NASA lIB-7

IN 100

Wrought Astroloy

HIP-Astroloy

Waspaloy

. Rank order of the alloysby LCF initiationlifechanged substantiallyat

higherstrainranges,approachingthe rank orderexpectedfrom monotonic

tensileductilitiesfortotalstrainrangesabove approximately1.5%.For cyclic

(0.33Hz),nondwelltests,therank orderofthealloysfrom highestto lowest
LCF initiationlifewas as follows:

HIP-Astroloy

Waspaloy

Wrought Astroloy
IN 100

NASA lIB-7

. The effect of the 900-sec (15-min) hold time on the fatigue life varied
significantly from alloy to alloy. Generally, the NASA IIB-7 and the IN 100
exhibited more significant reductions in fatigue life due to the dwell than
Waspaloy, Astroloy, and HIP-Astroloy. For a total strain range of 0.8%
(approximate range determined by the disk analysis), percentage reductions
in N+ life for the alloys was as follows:

HIP-Astroloy 43%

Waspaloy 47%

Wrought Astroloy 50%
NASA I1B-7 87%
IN 100 94%

. Allofthe alloysexhibitednearlystablecyclicstress-strainresponseforthe

conditionsevaluated.Waspaloy cyclicallysoftenedat high strainranges

duringcyclictesting,and at allstrainrangesevaluatedunder cyclic/dwell

conditions.IN 100 exhibitedsome cyclichardeningforhigherstrainranges

under cyclic(0.33Hz) testconditions.
17



, A comparison of crack growth rates at 0.33 Hz (20 cpm) shows that crack

growth rates generally increase with increasing tensile strengths. The rank

order from best (lowest crack growth rate) to worst is as follows:

Waspaloy

HIP-Astroloy

Wrought Astroloy
IN 100

NASA IIB-7

. The effect of the 900-sec hold time on crack propagation rates varied

considerably from alloy to alloy but did not change the relative order seen

with the 0.33 Hz testing. NASA IIB-7 showed the severest degradation due to

the dwell time, and Waspaloy crack growth rates were least affected by the
hold time at stress intensities below 25 MPa x/_.

. The effects of frequency on the crack growth rates of IN 100 and HIP-Astroloy

were uniform and predictable. A model was developed to predict crack
growth rates for any frequency between 0.0083 and 20 Hz for R = 0.05, 650°C

using empirically determined relationships between coefficients of the

hyperbolic sine model.

. The effect on crack growth rates of varying hold time was not as uniform as

for varying frequency. However, a dwell model was developed for Waspaloy

and HIP-Astroloy to predict crack growth rates for any dwell time between
120 and 900 sec.

Waspaloy, Wrought Astroloy, NASA lIB-7, and IN 100 were included in the disk life

analysis. Although HIP-Astroloy was not directly analyzed, life estimations for HIP-Astroloy are

expected to be substantially the same as those determined for Waspaloy. Conclusions and a

summary of results of the disk life analysis are presented below.

.

.

Total strain ranges determined for the selected disk

operating cycle varied slightly from alloy to alloy and were

all positive (tensile). Total strain ranges for the Waspaloy,
Astroloy, NASA IIB-7, and IN 100 were 0.753, 0.733, 0.777,

and 0.722%, respectively. NASA IIB-7 exhibited the

highest calculated total strain range, probably because of

its higher density.

Higher strengths for the alloys generally correlated with

longer predicted lives to crack initiation (N, life). Rank

order of the alloys from highest to lowest in predicted disk
life to crack initiation was as follows:

Cyclic (0.33 Hz} CTclic/Dwell (900-sec Hold)

IN 100 NASA IIB-7

NASA l/B-7 IN 100

Wrought Astroloy Wrought Astroloy

Waspaioy Waspaloy

18
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.

At stresses representative of turbine disk applications, the
alloys exhibited increasing crack propagation life with
decreasing tensile (yield) strength for both the cyclic (0.33
Hz) and the 900-sec dwell conditions. The rank order from
highest propagation life to the lowest (from a 0.51 mm flaw)
is as follows:

Waspaloy
Wrought Astroloy
IN 100
NASA IIB-7

The detrimental effect of the 900-sec hold time on the crack
propagation life from a 0.51-cm (0.020-in.) flaw was severe
for all alloys. However, the NASA IIB-7 disk lost 99% of the
0.33 Hz cyclic life. The following list shows the percent
reduction in crack propagation life from a 0.51-cm (0.020-
in.) flaw due to the 900-sec dwell:

Wrought Astroioy 85%
Waspaloy 89%
IN 100 95%
NASA IIB-7 99%

The effectof the 900-secdwell on crack propagationlife
from a 0.25-mm (0.010-in.)flaw is about the same for

Astroloy,IN 100,and NASA lIB-7as the effectfrom the

larger0.51-ram (0.020.in.)flaw.For Waspaloy there isa

significantdifferencewhen crackpropagationlifeiscalcu-
latedfrom an 0.25-mm flaw;theWaspaloy disklosesonly

80% ofthe propagationlifedue tothe dwelleffect.This is

apparentlydue tothe factthatat low stressintensities(at

leastforlongcracksand low stresses),cracksinWaspaloy

tendtobluntwhen subjectedtolongholdtimesresultingin

lowercrackgrowthrates.
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Figure 6. Strain Control LCF and Modified Compact Tension Specimens
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lOOx 3000x B1743-9

lO00x

Figure 7.

Alloy 1 - Waspaloy

20,000x B1743-11

Alloy 1 - Waspalov
FD 1480O5

Optical Microstructure and Transmission Electron Micrographs o[ Alloy

I, Waspaloy
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100x 3000x B1743-21

1000x

Alloy 2 - Wrought Astroloy

Figure 8.

• "_": 1.! _

20,000x B1743-23

Alloy 2 - Wrought Astroloy

FD 148o06

Optical Microstructure and Transmission Electron Micrographs o[ Alloy 2,

Wrought Astroloy
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Figure 9.

Alloy 3 - NASA lIB-7
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Alloy 4 - HIP Astroloy

Figure I0. Optical Microstructure and Transmission Electron Micrographs of Alloy 4, HIP

Astroloy

20,000x B 1556-27

Alloy 4 - HIP Astroloy
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lOOx 3000x B1563-1

1000x

Alloy 5- GATORIZED_IN 100

20,000x B1563-3

Alloy 5 - GATORIZED ® IN 100
FD 148OO9

Figure 11. Optical Microstructure and Transmission Electron Micrographs of Alloy 5,
GA TORIZED® IN 100
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Tension -

Compression _
Load Cell

Specimen
(Threaded Into Load
Rods and Locked
By Jam Nuts)

Extensometer

Rod

Extensometer
Tube

Load Rod
Locking Nul

Specimen
Jam Nut

Proximi_Probe _

Figure 15. Load Cell, Load Rod, S_
Machine

!,
I

FD 92637

imen, and Extensometer Assembl_, Mounted in LCF Testing
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Head Grooves

Integral Collars

Extensometer
Heads

FC 26_53A

Figure 16. Extensometer Head Assembly and LCF Specimen
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Tensile

Stress

_e ÷ _c

j/o
/j

/' Aa c

--?-

Strain

_ _'_C

t-

oO

Mean Strain = 0
R = -1.0

f = 0.33 Hz (20 cpm)

e

Dwell Ttme 900 sec

(15 rain)

Compressive
Stress

A, t ....

_a = Total Stress Range

3a c = Creep Relaxation Stress

.3_t = Total Strain Range = _e + _,_i
_i = Inelastic Strain Range

3_c = Creep Strain Range = Aac/E
_e = Elastic Strain Range = _=t - Aq

R • = Minimum Strain/Maximum Strain

f = Ramp Frequency (Equivalent to 20 cpm No-dwell Test)

Figure 18 Typical Strain-Dwell LCF Test With Mean Strain of Zero

FD 135462A
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Figure 54. Reconstructed Cyclic Stress-Strain Curves for All Five Alloys
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Figure 55. Photograph of Modified Compact Tension Specimen
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TABLE I. CHEMICAL COMPOSITIONS _ AND HEAT TREATMENTS OF AIRCRAFT
TURBINE DISK ALLOYS EVALUATED FOR CYCLIC BEHAVIOR

Alloy 2 Alloy 4 Alloy 5

A ltoy l Wrought Alloy 32 HIP GA TORIZED¢

Element Waspalo,y Astroloy NASA HB-7 Astroloy INTO0

Carbon 0.06 0.04 0.10 0.03 0.07

Manganese 0.75max 0.15 max 0.15 max 0.020 max
Sulfur 0.02 max 0,015 max 0.015 max 0,010 max
Phosphorus 0,015 max 0.015 max 0.010 max
Silicon 0.75 max 0,20 max 0.20 max 0.10 max
Chromium 19.5 15.0 9.0 15.0 12.40
Cobalt 13.5 17.0 9.0 17.0 18.50

Molybdenum 4.0 5.0 2.0 5.0 3.20
Titanium 3.0 3.5 0,70 3.5 4.32

Aluminum 1.4 4.0 3,35 4.0 4.97
Boron 0,065 0.025 0.02 0.02 0.02
Zirconium 0.07 0.06 max 0.10 0,045 0.06

Tungsten 0.05max 7.6 0.05max 005 max
Iron 2.0max 0.50max 0.50max 0.30 max

Copper 0.I0max 0.10 max 010 max 0.07 max
Lead 10 ppm max 10 ppm max - i0 ppm max 0,0002 max
Tantalum' I0.0 0,04 max
Vanadium 0.5 0,78
Hafnium - 1.0
Nickel Balance Balance Balance Balance Balance
Heat Treatment'

Solution, Stabilization, and Age 1024/4/OQ 1108/4/AC 899/16/to 1108/3/AC 1121/2/0Q
843/4/AC 871/8/AC 1094/1/OQ 871/8/AC 871/40 min/AC

982/4/A C 982/4fAC
760/4/AC 649/24/AC 760/16/AC 649/24/AC 649/24/AC

760/8/AC 760/8/AC 760/4/AC

_Nominal Composition -- Percent by Weight
JUniversal-Cyclops, NAS3-14309, (Reference 1)
q'antalum and Columbium for Alloy 5
'Heat Treat Conditions -- Nominal

Temperature -- °C/Time-hr/Air Cool -- AC, Oil Quench -- OQ
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TABLE II. QUALIFICATION TEST RESULTS --
ALLOY 1, WROUGHT WASPALOY PRO-
DUCED FROM INGOT

Producer: Ladish Company
Heat Code: LRKB 2017

Chemical Composition:*
Carbon

Manganese
Sulfur
Silicon
Chromium
CobaRt
Molybdenum
Titanium
Aluminium
Zirconium
Boron
Iron

Copper
Bismuth
Lead
Nickel

Heat Treatment:

Tensile Properties:
Room Temperature

Required Minimum
Actual

538°C

Required Minimum
Actua[

Stress Rupture Strength:
732°C, 552 MPa
816°C, 293 MPa

*Percent by weight unless
noted.

Required Actual

0.02 to 0.10 0.04
0.75 max 0.01

0.020 max 0.005
0.75 max 0.03
18.0 to 21.0 19.25
12.0 to 15.0 13.58
3.5 to 5.0 4.22
2.75 to 3.25 3.09
1.20to 1.60 1.29
0.02to 0.12 0.045
0.003 to 0.010 0.0051
2.0 max 0.68
0.I0max 0.01

0.5 ppm max 0.5ppm
I0 ppm max 3.0ppm
Balance 57.48

I010"C to I038°C/4/OQ I016°C/4/OQ
843°C/4/AC 843°C/4/AC
760°C/16/AC 760°C/16/AC

Ultimate 0.2% Yield %EL %RA

1241 MPa 862 MPa 15 18
1377 MPa 1060 MPa 21 31

1103 MPa 758 MPa 15 18
1240 MPa 935 MPa 22 28

Required Minimum Actual

Time %EL Time % EL

23 hr 12 56.8 hr 18
23 hr 12 42.5 hr 26

FS GZ IS.
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TABLE III. 'QUALIFICATION TEST RESULTS -- ALLOY 2,
WROUGHT ASTROLOY PRODUCED FROM PRE-

ALLOYED POWDER

Powder Source:SpecialMetals, ForgingVendor: Wyman Gordon. Heat Code: XNOE-5

Required

Chemical Composition Minimum Maximum Actual
Carbon

Manganese
Sulfur

Phosphorus
Silicon
Chromium
Cobalt

Molybdenum
Titanium
Aluminum
Boron
Zirconium

Tungsten
Iron

Copper
Lead
Bismuth

Oxygen

Nitrogen
Nickel

Heat Treatment:

TensileProperties:
Room Temperature

Required Minimum
Actual

760°C
Required Minimum
Actual

StressRupture Strength:
760°C, 586 MPa

Creep Strength:
704.4°C, 510 MPa

0.02

14,0
16,00

4.50
3,35
3.86
0.020

Remainder

Ultimate

0.06 0.024
0.15
0.015
0.015
0.20
16.03 14.71

18.00 17.15
5.50 4.98
3,65 3.56
4.15 4.06
0.030 0.027
0.06 0.0O2
0.05
0.50
0.10

O.0010 (10 ppm)
0.00005 (0.5 ppm)
0.010 (100 ppm) 0.0078
0.0050 (50 ppm)

Balance

1079°C to 1135"C/4 hr/AC 1107°C/4 hr/AC
871°C/8 ht/AC to RT 871°C/8 hr/AC toRT
982=C/4 hr/AC 982°C/4 hr/AC
649°C/24 hr/AC to RT 6490C/24 hr/AC to

RT
760°C18 hrlAC 760°C18 hrlAC

0,2% Yield %EL %RA

134,5MPa

1517 MPa

1134 MPa
1069 MPa

965 MPa 16 18
1055 MPf, 23 27

862 MPa 20 30
951 MPs 25 38

Required Minimum

Time % EL

15 hr 12

Required Minimum

Time toO.I% Ol_set

110 hr

Actual

Time %EL

62 hr 12

Actual

110 ha"
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TABLE IV. QUALIFICATION TEST RESULTS --
ALLOY 3, NASA IIB-7 PRODUCEDFROM
PREALLOYEDPOWDER

Producer: Universal Cyclops
Heat'. KR 376-8

Nominal Actual

Chemical Composition:*
Carbon
Manganese
Sulfur

Phosphorus
Silicon
Chromium
Cobalt

Molybdenum
Titanium
Aluminium
Boron
Zirconium

Tungsten
Iron

Copper
Lead

Bismuth

Oxygen
Tantalum
Vanadium
Hafnium
Selenium
Thallium
Tellurium
Nickel

Heat Treatment:

0.10

9.0

9.0
2.0

0.70
3.35
0.02
0.10
7.6

10.0
0.5
1.0

Balance

899/16 hr to
1094°C/1 hr/OQ
760°C/16 hr/AC

0.12
<0.05
0.003
0.004
<0.10

8.93
9.09
1.95
0.75
3.43
0.023
0.08
7.64
0,19
<0.10

< 1 ppm
<0.2 ppm
8 ppm
10.1
0.51
1.03

<0.5 ppm
< I ppm
<0.5 ppm
Balance

899°C/16 hr to
i094oc/1 hr/OQ
760°C/16 hr/AC

Ultimate

Tensile Properties:
Room Temperature

Actual 1770 MPa
Actual 1775 MPa

650°C
Actual 1537 MPa
Actual 1556 MPa

0.2% Yield %EL %RA

1439 MPa i0.I 10.9
1438 MPa 9,9 11.4

1327 MPa 5.3 10.3
1328 MPa 6.9 9.5

StressRupture Strength:
650°C/120/MPa

Actual

Time %EL %RA

58.4 hr 2.8 3.3
51.2 hr 1.8 1.4

*Percent by weight unless noted.
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TABLE V. QUALIFICATIONTEST RESULTS -- ALLOY 4,
ASTROLOY PRODUCED AS A HIP FORM FROM
PREALLOYED POWDER

Producer: Udimet Powder
KBI Industries for HIP
Heat Code: PUVK-4

Required Actual

Chemical Composition:*
Carbon
Manganese
Sulfur
Phosphorus
Silicon

Chromium
Cobalt

Molybdenum
Titanium
Aluminum
Boron
Zirconium
Tungsten
Iffon

Copper
Lead
Bismuth

Oxygen
Nitrogen
Nickel

Heat Treatment:

0.02 to 0.06 0.023
0.15 max 0.031
0.015 max 0.003
0.016 wax <0.005
0.20max 0.06

14.0to 16.0 15.1
16.0to 18.0 17.0
4.5 to 5.6 5.2
3.35to 3.65 3.5
3.8{5 to 4.15 4.0
0.02 to 0.03 0.024
0.06max <0.01
0.06 max <0.05
0.5 max 0.09
0.1 max <0.05

10 ppm max < 1 ppm
0.5ppm max <0.3 ppm
103 ppm max 80 ppm
50 ppm max 23 ppm
Balance Balance

I079"C to 1133°C/2 to 4/AC 1107°C/3/AC
ffTI°C/8/AC 871°C/8/AC
982°C/4/AC 982°C/4/AC
648°C/24/AC 648°C/24/AC
760°C/8/AC 760°C/8/AC

Tensile Properties:
Room Temperature

Required Minimum
Actual

538°C
Required Minimum
Actual

Ultimate 0.2% Yield %EL %RA

1241 MPa 862 MPa 15 18
1393MPa 936 MPa 26 31

1103 MPa 758 MPa 15 18
1287 MPa 869 MPe 26 28

StressRupture Strength:
732°C, 552 MPa

*Percent by weight unless
noted.

ReeluiredMinimum Actual

Time %EL Time %EL

23 hr 8 151 hr 16.7
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TABLE VI, QUALIFICATIONTEST RESULTS-- ALLOY5, GATORIZED®
IN 100 PRODUCED FROM PREALLOYED POWDER

Powder Source:Homogenous Metals,ForgingVendor: P&WA, Heat Code: BAKY H45-A5

Required

Chemical Composition Minimum Maximum Actual

Carbon
Manganese
Sulfur

Phoaphorus
Silicon
C_omium
Cobalt

Molybdenum
Titanium
Aluminum
Vanadium
Boron
Zirconium
Tungsten
Iron

Copper
Columbium and Tantalum
Lead"
Bismuth*

Oxygen
Nickel

*Ifdetermined.

Heat Treatment:

0.05

11.90
18.00
2.80
4.15
4.80
0.58
0.016
0.04

Remainder

0.09 <0.090
0.020 0.01
0.010 0.004

0.010 0.004
0.I0 0,018
12.90 12.02
19.00 18.36
3.60 3.10
4.50 4.50
5.15 4.95
0.98 0.76
0.024 0.019
0.08 0.063
0.05 <0.01

0.30 0.14
0.O7 <0.0O5
0.04 <0.01

0.0002 (2 ppm) <I ppm
0.00005(0.5ppm) <0.5 ppm
0.010(i00ppm} <89 ppm

Balance

1121°C/2 hr/OQ
871°C/40 min/AC
to be}ow :}71¢C

649°C/24 hr/AC
to below 371°C
760°C/4 hrlAC
to below 371°C

I121'C/2 hr/OQ
871°C/40 min/AC
tobelow 371 °C
649°C/24 hr/AC
to below 371°C

780° C/4 hr/AC
to below 371°C

Ultimate 0.2% Yield %EL %RA

Tensile Properties:
704°C
Required Minimum 1172MPa 1014 MPa 12 12
Actual 1220MPa 1091 MPa 21 25.9

Required Minimum Actual

Time % EL Time % EL

StressRupture Strength:
732°C, 638 MPa 23 hr 5 33.3hr 8.5

Required Minimum

Time to 0.2% O[[set Actual

Creep Strength:
704°C, 552 MPa 100 hr 0.029 after 75 hr*

*Creep on inte_al rin_ama_,be discontinuedafter75 hr if0.08% extensionhas not been exceeded.
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TABLE VII.ELEVATED TEMPERATURE TENSILE PROPERTIES FOR ALL

ALLOYS

Ultimate 0.2%

Specimen Temperature Strertgth Yield EL RA
Material Heat Code Number (°C) (MPa) (MPa) (%) (%)

Waspaloy LRKB-2017 A4 650 1259 967 22.5 28.7
A8 650 1266 947 20.5 25.2

Wrought Aztroloy XNOE-5 A15 650 1366 1006 23.0 27.8
AI8 650 1348 970 23.0 30.8

NASA lIB-7 KR376-8 12A 650 1532 1285 8.0 11.5
14A 650 1521 1270 7.0 I0.I

HIP Astroloy PUWK-4 CA4 650 1215 871 31.0 36.3
DA3 650 1253 891 30.0 36.8

IN I00 BAKY-H45-A5 19 650 1359 1113 22.5 25.3

20 660 1341 1107 21.0 24.6

TABLE VIII. CONTROLLED STRAIN LCF RESULTS FOR TURBINE DISK ALLOY 1, WASPALOY.

TESTING CONDUCTED IN AIR AT 650°C (1200°F), 0.33 Hz (20 cpm) RAMP
FREQUENCY, MEAN STRAIN = 0

Mean Stress Cycles

Spec. Type Strain (m/m at Nrf2) at Nr/2 Stress Range CycLic to Failure

S/N Test Range Elastic Inelastic Creep MPa ksi Cycle I NJ2 Stability Np% N,

A-2 Cyclic 0.0143 0.0L09 0.0034 0 -32 - 4.7 1975 MPa 1832 MPa Soften 730 810
(286.5ksi) (265.6kai)

A-3 Cyclic 0.0104 0.0097 0.0007 0 -28 - 4.1 1724 MPa 1688 MPa Soften 2,900 3,375
(250.1ksi)(244.9ksi)

A-6 Cyclic 0.0081 0.0080 0.0001 0 +13 + 1.9 1469 MPa 1469 MPa Stable 13,150 14,665
(213.0ksi) (213.0ksi)

A-7 Cyclic 0.0081 0.0080 0.0001 0 0 0 1429 MPa 1394 MPa Stable 9,130 I0,622
[207.3ksi)(202.2ksi)

A-9 Cyclic 0.0081 0.0080 0.0001 0 0 0 1421 MPa 1416 MPa Stable 7,067 9,051
(206.0 ksi) (205.4 ksi)

A-5 Cyclic 0.0067 0.0067 <0.0001 0 0 0 1167 MPe 1175 MPa Stable 122,719 128,305
{169.2ksi)(170.4ksi)

A-10 Cyclic 0.0067 0.0067 <0.0001 0 0 0 1183 MPa 1178 MPa Stable 141,595 145,630
(171.5ksi)(170.9ksi)

A-11 Cyclic/ 0.0113 0.0099 0.0014 0.(X]02 -61 -8.8 1906 MPa 1817 MPa Soften 892 1,061
Dwell (276.5 ksi) (263.5 ksi)

A-13 Cyclic/ 0.0112 0.0097 0.0015 0.0002 -77 -11.2 1883MPe 1804 MPa Soften 855 976
Dwell (273.0ksi) (261.6ksi)

A-14 Cyclic/ 0.0081 0.0078 0.0003 0.0001 -28 - 4.0 1535 MPa 1447 MPa Soften 3,300 3,608
Dwell (222.6 ksi) (209.8ksi)

A-15 Cyclic/ 0.0082 0.0080 0.0002 0.0001 -16 -2.3 1423 MPa 1405 MPa Soften 7,930 8,255
Dwell (206.4ksi) (203.7ksi)

Note: Cyclic/Dwell testa have a 900-sac (15 rain) hold time at the maximum tensile strain.
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TABLEIX. CONTROLLEDSTRAINLCF RESULTSFORTURBINEDISK ALLOY 2, WROUGHT

ASTROLOY, TESTING CONDUCTED IN AIR AT 650°C (1200°F), 0.33 Hz (20 cpm) RAMP
FREQUENCY, MEAN STRAIN = 0

Mean Stress Cycles

Spec Type Strain (m/m at Nr/2) at Nr/2 Stress Range Cyclic to Failure

S/N Test Range Elastic Inelastic Creep MPa hst Cycle I Nr/2 Stability N6% Nr

IA Cyclic 0.0150 0.0124 0.0026 0 -41 -6.0 2172 MPa 2222 MPa Stable 365 400
(315.0 ksi) (322.4 ksi)

2A Cyclic 0.0125 0.0114 0.0011 0 -37 -5.4 2003 MPa 2050 MPa Stable 839 863
(290.6 ksi) (297.4 ksi)

3A Cyclic 0.0100 0.0098 0.0002 0 -57 -8.3 1836 MPa 1818 MPa Stable 2,214 2,767
(266.3 ksi) (263.7 ksi)

6A Cyclic 0.0100 0.0098 0.0002 0 -23 -3.4 1815 MPa 1787 MPa Stable 1,490 1,871
(263.3 ksi) (259.1 ksi}

4A Cyclic 0.0085 0.0085 <0.0001 0 -62 -9.0 1552 MPa 1539 MPa Stable 8,979 9,350
(225.2 ksi) (223.2 ksi)

7A Cyclic 0.0085 0.0065 <0.0001 0 -28 -4.0 1580 MPa 1575 MPa Stable 6,787 7,840
(229.2 ksi) (228.5 ksi)

5A Cyclic 0.0072 0.0072 <0.0001 0 0 0 1342 MPa 1356 MPa Stable 226,342 226,820
(194.7 ksi) (196.7 ksi)

8A Cyclic/ 0.0124 0.0108 0.0016 0.0001 -42 -6.1 2005 MPa 2000 MPa Stable 388 516

Dwell (290.7 ksi) (290.0 ksi)

9A Cyclic/ 0.0119 0.0106 0.0013 0.0002 -36 -5.2 1930 MPa 1925 MPa Stable 867 934
Dwell (279.9 ksi) (279.2 ksi)

10A Cyclic/ 0.0084 0.0082 0.0002 0.0001 -28 -4.0 1490 MPa 1484 MPa Stable 7,724 8,087
Dwell (216.1 ksi} (215.3 ksi)

12A Cyclic/ 0.0103 0.0097 0.0006 0.0001 -26 -3.8 1792 MPa 1782 MPa Stable 920 1,066
Dwell (259.9 ksi) (258.5 ksi)

Note: Cyclic/Dwell tests have a 900-sec (15 rain) hold time at the maximum tensile strain.
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TABLE X. CONTROLLED STRAIN LCF RESULTS FOR TURBINE DISK ALLOY 3,NASA lIB-7.

TESTING CONDUCTED IN AIR AT 650°C (1200°F),0.33Hz (20cpm) RAMP FREQUEN-

CY, MEAN STRAIN = 0

Spec. Type

S/N Test Range

Mean Stress Cycles

Strain (m/m at Nr/2) at Nr/2 Stress Range Cyclic to Failure

Elastic Inelastic Creep MPa ksi Cycle I Nd2 Stability Na% Nf

1B Cyclic 0.0150 0,0131 0.0019 0 -36 - 5.2

2B Cyclic 0.0125 0.0117 0.0008 0 -57 - 8.2

7B Cyclic 0.0116 0.0113 0.0003 0 -18 - 2.6

6B Cyclic 0.0115 0,0112 0.0003 0 -34 - 4.9

3B Cyclic 0.0100 0,0100 <0.0001 0 0 0

4B Cyclic 0.0100 0.0100 <0.0001 0 0 0

5B Cyclic 0.0085 0.0085 <0.0001 0 - 7 - 1.0

8B Cyclic/ 0.0117 0.0113 0.0004 0.0001 -68 - 9.8
Dwell

9B Cyclic/ 0.0126 0.0118 0.0008 0.0001 -57 - 8.3
Dwell

10B Cyclic/ 0.0101 0.0099 0.0002 0.0001 -92 - 13.3

Dwell

16A Cyclic/ 0,0100 0,0098 0.0002 <0.0001 -84 -12.2
Dwell

2626 MPa 2653 MPa

(380,8 ksi) (384.7 ksi)

2241 MPa 2304 MPa

(325.0 ksi) (334.2 ksi}

2142 MPa 2174 MPa

(310.7 ksi) (315.3 ksD

2160 MPa 2178 MPa

(313.3 ksi) (315.9 ksi)

1799 MPa 1839 MPa

(260.9 ksi) (266.8 ksi)

1812 MPa 1880 MPa

(262.8 ksi) (272.7 ksi}

1545 MPa 1595 MPa

(224.1 ksi) (231.4 ksi)

2150 MPa 2122 MPa

(311.7 ksi) (307.8 ksi)

2362 MPa 2334 MPa

(342.5 ksi) (338.6 ksi)

1858 MPa 1853 MP$

(269.5 ksi} (268.7 ksi)

1951 MPa 1896 MPa

(282,9 ksi) (275,0 ksit

Stable 356 420

Stable 955 958

Stable 1,361 1,385

Stable 1,660 2,249

Stable 16,390 17,002

Stable 17,849 18,774

Stable -- 211,200'"

Stable 927 938

Stable 223 254

Stable 3,864 3,935

Stable 4,833 4,888

Note: Cyclic/Dwell tests have a 900-sec (15 rain) hold time at the maximum tensile strain.

('_Test discontinued st 211,200 cycles. No indication of failure.
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TABLE XI. CONTROLLED STRAIN LCF RESULTS FOR TURBINE DISK ALLOY 4, HIP-
ASTROLOY. TESTING CONDUCTED IN AIR AT 650°C (1200°F), 0.33 Hz (20 cpm) RAMP

FREQUENCY, MEAN STRAIN = 0

Mean Stress Cycles

Spec. Type Strain (m/m at Nil2) at NJ2 Stress Range Cyclic to Failure

S/N Test Range Elastic Inelastic Creep MPa hsi C_,cle I NJ2 Stabilit2¢ No% Nf

DB-1 Cyclic 0.0142 0.0110 0.0032 0 -56 - 8.1 1910 MPa 1920 MPa Stable 850 961
(277.1 ksi) (278.4 ksi)

DB-2 Cyclic 0.0100 0.0096 0.0004 0 -12 -1.7 1688 MPa 1674 MPa Stable 3,800 4,025
{244.8 ksi) (242.8 ksi)

DB-7 Cyclic 0.0100 0.0096 0.0004 0 -19 -2.8 1708 MPa 1660 MPa Stable 2,900 3,121
(247.7 ksi) (240.8 ksi)

DB-4 Cyclic 0.0081 0.0080 0.0001 0 -12 -1.7 1497 MPa 1478 MPa Stable 5,110 8,498
(217.1 ksi) (214.3 ksi)

DB-5 Cyclic 0.0081 0.0080 0.0001 0 0 0 1476 MPa 1466 MPa Stable 8,176 8,901
(214.1 ksi) (212.7 ksi)

DB-3 Cyclic 0.0067 0.0067 <0.0001 0 0 0 1228 MPa 1170 MPa Stable -- 220.704 _''
(178.2 ksi) (170.8 ksi)

DB-10 Cyclic/ 0.0123 0.0108 0.0015 0.0006 -30 -4.4 1921 MPa 1943 MPa Stable 300 335
Dwell (278.6 ksi) (281.8 ksi)'

DB-11 Cyclic/ 0.0119 0.0104 0.0015 0.0004 -50 -7.2 1855 MPa 1871 MPa Stable 605 697
Dwell {289.0 ksi) (271.4 ksi)

CB-13 Cyclic/ 0.0076 0.0075 0.0001 0.0001 0 0 1417 MPa 1375 MPa Stable 7,420 7,780
Dwell {205.5 ksi) (199.4 ksi)

CB-12 Cyclic/ 0.0077 0.0074 0.0003 0.0001 -22 -3.2 1328 MPa 1355 MPa Stable 11,625 11,942
Dwell (192.6 ksi) (196.5 ksi)

Note: Cyclic/Dwell tests have a 900-sec (15 min) hold time at the maximum tensile strain.

'" Test discontinued at 220,704 cycles. No indication of failure.
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TABLE XII. CONTROLLED STRAIN LCF RESULTS FOR TURBINE DISK ALLOY 5,GATORIZED®

IN i00.TESTING CONDUCTED IN AIR AT 650°C (1200°F),0.33Hz (20 cpm) RAMP
FREQUENCY, MEAN STRAIN = 0

Spec. Type
S/N Test

7 Cyclic

1 Cyclic

8 Cyclic

5 Cyclic

2 Cyclic

3 Cyclic

6 Cyclic

9 Cyclic/
Dwell

10 Cyclic/
Dwell

11 Cyclic/
Dwell

12 Cyclic/
Dwell

Mean Stress Cycles

Strain (m/m at N,/2) at Nr/2 Stress Range Cyclic to Failure

Range Elastic Inelastic Creep MPa ksi Cycle 1 Nr/2 Stability Ns% N,

0.0148 0.0133 0.0015 0 0 0 2257 MPa 2376 MPa Harden 541 561
(327.4 ksi) {344.6 ksi)

0.0142 0.0127 0.0015 0 -41 -5.9 2196 MPa 2328 MPa Harden 525 749
(318.6 ksi) (337.7 ksi)

0.0125 0.0117 0.0008 0 -23 -3.3 2148 MPa 2198 MPa Slight 1,125 1,159

(311.5 ksi) (318.8 ksi) Hardening

O0100 0.0098 0.0002 0 -23 -3.3 1774 MPa 1820 MPa Slight 8,843 11,782

(257.3 ksi) (263.9 ksi) Hardening

0.0094 0.0093 _<0.0001 0 -16 -2.3 1687 MPa 1715 MPa Stable 50,837 57,780
{244.7 ksi) (248.7 ksi}

0.0094 0.0392 0.0002 0 0 0 1756 MPa 1769 MPa Stable 12,529 15,774
(254.6 ksi) (256.6 ksi)

0.0080 0.0080 <0.0001 0 -37 -5.3 1450 MPa 1505 MPa Stable -- 277,000 "_
(210.3 ksi) '(218.3 ksi)

0,0124 0.0113 0.0011 0.0001 - 7 -1.0 2106 MPa 2106 MPa Stable 213 285
(305.4 ksi) (305.4 ksi)

0.0123 0.0111 0,0012 0.0002 -21 -3.0 2138 MPa 2133 MPa Stable 242 285
(310.1 ksi} (309.4 ksi)

0.0100 0.(}097 0.0003 <0.0001 -30 -4.3 1735 MPa 1722 MPa Stable 2,361 2,515
(251.7 ksi) (249.7 ksi)

0,0101 0.0097 0.0004 <0.0001 -30 -4.3 1846 MPa 1850 MPa Stable 851 1,035
{267.7 ksi) (268.3 ksi)

Note: Cyclic/Dwell testa have a 900-sec (15 min} hold time at the maximum tensile

(1) Test discontinued at 277,000 cycles. No indication of failure.

strain.

TABLE Xl]I. TOTAL STRAIN VS LIFE EQUATIONS FOR CYCLIC
LCF TESTS

Alloy Life Term Total Strain (Y)* oa Life (N) ° Equation

Waspaloy Ns Y = 4320 N '-''_" + 7.96 N _-*'_ + 0.603
Nr Y = 4040 N c-_'°*_ + 4.06 N :-°'m°_ + 0.540

Wrought Astroloy N, Y = 7450 N _-_.'0_ + 4.27 N _-°.m_ + 0.648
N: Y = 2820 N c-ts°_ + 4.62 N _-*s'°* + 0.648

NASA IIB-7 N, Y = 597 N H.u_ + 1.60 N _-°-_*_ + 0.510
Nr Y = 580 N c-s''s_ + 1.66 N _-°tt'_ + 0.510

HIP Astroloy Ns Y = 40200 N _-t-'t_ + 735 N _-°-m_ _- 0.603
N, Y = 15433 N I-t-'_J + 7.96 N '-°'n4' + 0.603

GATORIZED® IN 100 Ns Y = 9.71 N _-*-m_ + 2.66 N _-°.m' + 0.640
N, Y = 9.46 N c-*.mJ + 2.36 N _-°m' + 0.560

*Where Y is liven in percent strain, and N in cycles.
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TABLE XIV. TOTAL STRAIN VS LIFE EQUATIONSFOR
DWELLLCFTESTS

Alloy Li[e Term Total Strain (Y)* vs Li[e (N)* Equation

Waspaloy N= Y = 105.5 N :-*'_ + 2.33 N'-*'"*

N, Y = 174.5 N r-'*_ + 2.49 N '-*-''*

Wrought Astroloy N, Y = 178 N _-*'''' + 2.02 N t-*'_'

Nf Y = 27.9 N r-*'m_ + 2.14 N _-*'_'

NASA IIB-7 N, Y = 0.985 N '-°'_Q' + 1.74 N :-°'m''

N, Y = 1.14 N c-*_=j + 1.77 N :-*'°_:

HIP Astroloy N, Y = 26.2 N _-*''_ + 2,10 N :-°'ll=',

N, Y = 33.6 N _'*_ + 2.18 N :-*'''_

GATORIZED _ IN 100 Nj Y = 3.52 N '-*u'' + 1.72 N-*"

N, Y = 5.04 N -*''* + 1.80 N _-**_'

*Where Y is I_iven in percent strain, and N in cycles.

TABLE XV. CRACK PROPAGATION TEST SPECIMENS

Alloy Material Specimen Temperature Cyclic Stress

Number Name Number (*C) (*F) Frequency Ratio

I Waspaloy 730 650 1200 0.33 Hz 0.05

1 Waspaloy 731 650 1200 9D0-aec Dwell 0.05

1 Waspaloy 735 650 1200 0.33 Hz 0.05

1 Waspaloy 736 650 1200 20 Hz 0.05

1 Waspaloy 737 650 1200 120-sec Dwell 11.05

I Waspaloy 738 650 I200 0.33 Hz 0.05

l Waspaloy 739 650 1200 300-aec Dwell 0.05

1 Waspaloy 732 650 1200 900-see Dwell 0.05

2 Wrought.Astroloy 806 650 1200 0.33 Hz 005

2 Wrought.Astroloy 808 650 1200 20 Hz 0.05
2 Wrought-Astroloy 809 650 1200 0.33 Hz 0.05

2 Wrought-Astroloy 812 650 1200 0.33 Hz 0.05

2 Wrought.Astroloy 814 650 1200 900.sac Dwell 0.05

2 Wrought-Astroloy 810 650 1200 900-sec Dwell 0.05

2 Wrougbt-Astro/oy 811 650 1200 900-sec Dwel} 0.0,5

2 Wrought.Astroloy 813 650 1200 900.sec Dwelt 0.05

:] NASA 11B.7 797 650 1200 0.3,3 Hz 00.5

.q NASA lIB-7 800 650 1200 900-sec Dwell 0.05

a NASA IIB-7 801 650 1200 900.sec Dwell 0.05

3 NASA IIB-7 802 650 1200 0 33 Hz 0.05

3 NASA IIB.7 804 650 1200 0.33 Hz 0,05

.q NASA II8-7 833 650 1200 900-sec Dwell 0,05

3 NASA IIB-7 799 650 1200 900-see Dwell 005

"_, NASA I1B-7 798 650 1200 0,33 Hz 0.05

4 HIP-Astroloy 726 650 1200 0.33 Hz 0.05

4 HlP-Astroloy 727 650 1200 0,33 Hz 0.0,5

4 HIP-Astroloy 728 650 1200 900.see Dwell 0.05

4 HIP-Astroloy 742 650 1200 120-sec Dwell 0.05

4 HIP.Astroloy 743 650 1200 20 Hz 0.05

4 H1P-Astroloy 744 650 1200 00083 Hz 0.05

4 HIP-Astroloy 746 650 1200 900.sec Dwell 0.05

4 HlP-Astroloy 748 650 1200 300-sec Dwel] 0.05

5 IN 100 712 850 1200 900-see Dwell 0.05

5 IN 100 703 650 1200 20 Hz .0.05

5 IN 100 710 650 1200 0,33 Hz 0.0,5

5 [N 100 713 650 1200 900-sec Dwell 0.05

5 IN 100 716 650 1200 cO00-sec Dwell 0.05

5 IN 100 717 650 1200 0.33 Hz 0.05
5 IN 100 729 650 1200 0.0083 Hz 0.05

5 [N I00 715 650 1200 900-sec Dwell 0.05
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TABLE XVI. SINH MODEL COEFFICIENTS

Alloy Materml Cyc/ic Sinh Model Coefficients

Number Name Frequenc_ C, Cs C, C,
I Waspaloy 20 Hz 0.500 3.645 -1.616
I Waspaloy 0,33 Hz 0.500 3.169 -1.611
I Wasps]oy 120 sec Dwell 0.500 4.771 -1.597
I WaspaIoy 300 sec Dwel] 0.500 5,398 -1.629
I Waspaloy 9(}0 sec Dwell 0.500 6.149 -1.666
2 WrouBht-Astroloy 20 Hz 0.600 4.449 -1.423
2 Wrought-Astroloy 0.33 Hz 0.500 4.316 -1,49'7
2 Wrought-Astroloy 900 uc Dwell 0.500 5.195 -1.581
3 NASA IIB-7 0.33 Hz 0.500 5.351 -1.497
3 NASA lIB-7 900 lec Dwell 0.500 6.160 -1.452
4 HIP-Astroloy 20 Hz 0.500 4.088 -1.521

4 HIP.Astroloy 0.33Hz 0.600 4.436 -1.531
4 HTP-Astroloy 0.00_ Hz 0.500 4.750 - 1.540
4 HIP-Astroloy 120 sec Dwell 0.500 4.069 -1.661
4 HIP.Asttoloy 300 _c Dwell 0.500 4.442 -1.670
4 HIP-Astmloy 900 sec Dwell 0.500 4.889 -1.681
5 IN IOO 20 Hz 0.500 4.243 -1.544
5 IN 100 0.33Hz 0._)0 4.227 - 1.561
5 IN IOO 0.0083Hz 0.500 4.212 -1.576
5 IN" I00 900 secDwell 0.500 5.047 -1.581

-6.361
-6.120
-5.765
-5.487
-5.153
-6.819
-6.064
- 5.027
-5.827
-3.595
-6.416
-6.145
-5.901
-5,606
-5.377
-5.103
-6.178
-5.780
-5.421
-4,383

Notes: C, has unitsof log (MPa _/n_)

C, has unitsof log(m/cycle)
• CI and C_ are dimensionleu

TABLE XVII. DISK LIFE STRESS-STRAIN ANALYSIS RESULTS

Total Cyclic
1st Quarter C,vcle (max) 1st Half Cycle Strain

Allo_ Peah Strain (%) Inelastic {:)[[set (%) Strain, (%) (rain) Range, (%)

Waspaloy 0.988 0.491 0.235 0.753

Wrought Astroloy 0.849 0.294 0.116 0.733

NASA rY_.7 0.814 0.134 0.037 0.777

IN 100 0,783 0.195 0.061 0.722

TABLE XVIII. PREDICTED MEAN CRACK INITIATION LIFE

FROM DISK LIFE ANALYSES AND LCF MATERI-

AL PROPERTY CURVES.

A Uoy

Disk Life Analyais

Total Strain Rar_e
(%)

CyclicLi[eto5% Load Range Drop (N_)

0.33Hz Testin¢ 900.secDwell Testing

19,660 8,460

117,200 22,770

1,614,000 165,600

5,888,000 63,490

Waspaloy

Wrought Astroloy

NASA IZB-7

IN 100

0.753

0.733

0.777

0.722

138



TABLE XIX. ALLOY PROPAGATION LIFE COMPARISONS

From 0.25 rata Flaw From 0.51 rata Flaw

Alloy 0.33 Hz 900-sec Dwell 0.33 Hz 900-sec Dwell

Wupaloy 7,275 1,425 6,650 725
Wrought Astroloy 2,290 440 1,790 265
NASA HB.7 2,470 125 1,515 75
IN 100 870 <10 550 <10

TABLE XX. TOTAL DISK LIFE

Alloy
Cyclic(0.33Hz) C_/clic/Dwell(900.sacHold)

CI + CP = Nv CI + CP = N.r

1 Waspaioy 19,660 6,650 26,310 8,460 725 9,185
2 Wrought Astroloy 117,200 1,790 118,990 22,770 265 23,035
3 NASA IIB-7 1,614,000 550 1,614,550 165,600 <10 165,610
5 IN 100 5,888,000 1,515 5,889,515 63,490 75 63,565

Notes: CI
CP

Nr

-- Mean cycles to crack initiation -- N_ life
-- Crack propagation from 0.51-ram (0.020-in.) crack to critical crack length
-- Sum of CI and CP
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